Introduction
Development of an optimum supersonic combustion ramjet (scramjet) engines are vital for the realization of hypersonic vehicles [1] . Understanding the effect of the injection system design on the characteristics of the flame stabilization and fuel-air mixing is a key issue for development of scramjets. This is because the residence time of the supersonic freestream within the combustion chamber of a scramjet is extremely short. To understand flow physics inside the combustion chamber, special measuring techniques are utilized. The context of flow diagnostic techniques developed to map surface properties on scramjet combustors, cavities and backward facing steps with jet injection at supersonic speeds [2] . Planar laser-induced fluorescence (PLIF) measuring technique is often used to visualize flames and measure temperature in burning flow fields [3] [4] [5] [6] .
Studies have already covered the design of injector systems which lead to improve fuel-air mixing characteristics. A flush-mounted fuel injector model which is a simple geometric injection system has been investigated to understand the flow physics of the jet interaction [7] [8] [9] [10] [11] [12] . Since a counter-rotating vortex pair appears behind a jet, fuel-air mixing is induced by jet penetration into supersonic crossflow. Multiple injection to enhance the fuel-air mixing characteristics has shown [13] [14] [15] [16] . In case of a dual transverse injections system, Lee [13] has shown that an optimal distance between the jets for mixing characteristics exists and this distance is increased as the momentum flux ratio is increased. Pudsey at el. [14] has shown that the multiport jet arrays is more effective for mixing in the near-field around the injection location, although no-improvement in far-field compared to the single jet was found. Impinging shock waves on jetted flows from a single port have been shown to improve the mixing [17] [18] [19] . Mai et al. [17] showed that when a shock wave impinges behind an injection slot, the mixing enhances and residence time of the flame is extended.
A cavity model also enhances the characteristics of air mixing [20] , and it has been investigated as a flame holding mechanism for the scramjet engine [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Additionally, the cavity model possesses the feature of comparatively low profile drag compared to a step injector model [33, 34] or strut injector model [35, 36] , although this feature depends strongly on the cavity geometry. The cavity model also has the advantage of increased net power for the scramjet. A cavity geometry is defined by its length-to-depth ratio (= L/D), it is typically classified as an "open cavity" (L/D < 7-10) and "closed cavity" (L/D < 10-13). In the case of the closed cavity, the drag is higher than the open cavity because a shear-layer separated from a front edge of the cavity flows into the cavity and then extremely impacts the aft wall of the cavity resulting in high drag [37] . On the other hand, this shear-layer occurring in the open cavity does not flow into the cavity and most of the shear-layer attaches to the rear edge of the cavity. Hence, an open cavity is generally favored as a flame stabilizer due to its low drag properties.
Although the open cavity enhances the characteristic of flame stabilization, this behavior decreases if the flow over the cavity becomes unstable. An acoustic wave originates from the shear-layer due to the velocity differential between the freestream and shear-layer flows, impacting the aft wall of the cavity. Pressure oscillations occur inside the cavity by the repetitive occurrence of compression waves which propagate from the aft wall of the cavity because the acoustic waves are reflected from the aft wall [38] . These pressure oscillations are responsible for the unstable flow over the cavity. In the case where the aft cavity wall is inclined, based on the open cavity, the flow over the cavity becomes steady although the drag is higher than a rectangular open cavity [39] . This is attributed to the higher pressures acting over a larger fraction of the aft wall.
Since the characteristics of flame stabilization changes depending on cavity configuration, injection position, and flow path, the injector model with the rectangular open cavity which possesses low drag might be able to enhance the flame stabilization by modifying the injection position. Previous research has shown that in the case of a cavity with the fuel injector inside the cavity, the open cavity with the aft ramp has a higher performance as a flame holder [22] , although the performance depends on injection position [22, 30] . However, in the case of a cavity with upstream fuel injection, a small L/D has better performance for flame stabilization compared to the cavity with the aft ramp. The pressure oscillations over the rectangular cavity disappear if the fluid entrains into the cavity from a side wall of the cavity after fuel is injected [21] .
An injection system which has good characteristics for flame stabilization, fuel-air mixing, and low drag is desired for a scramjet engine. It aims at achieving optimum injection utilizing a rectangular open cavity with an upstream injector design. The objective of this experimental investigation is to study the effect of the air mixing and flow stability by varying the injected jet location. The flow stability is visualized using schlieren photography. The air mixing is measured and visualized using the particle image velocimetry (PIV) and surface oil flow techniques for freestream Mach number of 1.9.
Experimental setup
The experiments were conducted at a Mach number of 1. and 1L (100 mm) from the front edge of the cavity, respectively. High pressure air supplied through a pressure regulator and flexible tubing was used as the jet gas in the experiments. Test conditions are presented in Table. 1. Different jet locations were used to investigate the mixing characteristic and flow stability within the cavity compared to that of the no-jet (baseline) case. When jetted at one location, the air was not supplied at the other locations. The jet pressure was adjusted to provide a jet-to-free stream momentum flux ratio J = 1.2, 2.7 and 5.3 which is defined in Eqn. 1, where γ is the specific heat ratio, ρ is the density, M is the Mach number and subscripts 0 and jet refer to freestream and jet conditions. Schlieren photography [40] [41] [42] [43] [44] was employed to visualize the flow field around the cavity in a standard Z-type optical arrangement. A pair of 203.3 mm diameter parabolic mirrors with 1016 mm focal length and a 150W Hamamatsu Xenon continuous light source were used. The light generated from the light source is cut off by a slit and is collimated by a parabolic mirror. The collimated light passes through the test section and then is reflected by the second parabolic mirror. The offset angle between the collimated light beam and light source is set at 10 degrees to prevent coma. A knife edge is located at the focus point of the second mirror to adjust the sensitivity. Moreover, a 3-color filter wheel was used in color schlieren mode as a substitute for the knife edge and the slit replaced with a pinhole. High-speed schlieren images were recorded using a high-speed video camera, model Phantom V7.1 with maximum resolution of 800 × 600 pixels, Vision research Corp. A frame rate of 2.0 kfps with exposer time of 2 μs was set. The color images were recorded using a Canon SLR camera, model EOS-450D with 12 Mpixels resolution. The camera is set to continuous shooting mode at 3.5 fps, while the shutter speed is set at a minimum of 0.25 ms.
Particle Image Velocimetry (PIV) was performed to determine the flow velocity and other properties inside the cavity. The PIV setup has been successfully applied in the past studies [19, 45] .
A Litron Nano PIV series, Nd:YAG Laser, model LPU550 which possesses a pulse energy of 200 mJ 
at a repetition rate of 15 Hz and wavelength of 532 nm was used for PIV illumination. A laser sheet was positioned above the test section via a laser guide arm and illuminated the center of the cavity along the flow as a planer sheet, see Fig. 3 . The laser beam was pulsed as Δt = 0.9 μs interval between two consecutive images so that sufficient displacement for the tracer particles (6 pixels, 1/5 of the initial interrogation window) suitable for the current velocity range of 600 m/s could be achieved.
Olive oil particles with diameter of 1 μm were produced by using TSI's Oil Droplet Generator
Model 9307 with 30 L/min of aerosol flow rate. Before each run the tunnel inlet was filled with particles and continuous seeding was provided during the tunnel run time. Suitable seeding particle diameter and density are required to capture the flow-tracing accurately. The flow-tracing capability of particles of diameter d p and density ρ p is usually quantified through the particle relaxation time τ p .
The theoretical behavior for small spherical particles may be reduced to the modified Stokes drag law [46] . Given the relatively low value of the Mach number and Reynolds number based on the particle diameter, the modified drag relation that takes into account rarefaction effects yields the expression for the particle relaxation time in Eqns. 2 to 4, where Kn d is the Knudsen number based on the particle diameter, and Re d is Reynolds number of the flow around the slipping particles, and
Mv is the Mach number both evaluated for the maximum particle slip velocity ΔV [47] .
The particle dynamic effects may be further quantified by the Stokes number, Sk written in Eqn. 5, Sk << 1 has to be satisfied for accurate the flow-tracing. δ is the boundary layer near the front edge of the cavity. Table 2 shows the timescale and Stokes numbers, Sk << 1 condition was clearly satisfied.
A LaVision Imager ProX2M CCD camera with 1600 × 1200 pixels resolution was used to record scattered light reflected from the particles. The camera equipped with a band-pass filter of 532 ± 5 nm, viewed the laser sheet orthogonally. The recorded images were initially divided into 32 × 32 pixels interrogation windows and then processed with a cross correlation algorithm using the DaVis Flow pattern on the floor of the cavity was visualized using oil flow measurements. The formulation used a fluorescent powder suspended in paraffin, oleic acid, and silica gel as the oil material. The oil was poured both inside and ahead of the cavity before a run, and then the oil which is illuminated by UV LEDs, peak wavelength 395 nm, was recorded using the aforementioned Canon camera positioned above the test section during the tunnel run.
Results and discussion

Schlieren photography
The sequential high-speed schlieren images of the flow field around the cavity are shown in Fig. 4 for each test case of J = 5.7. Shock waves appeared above the shear-layer, the flows over the cavity became unstable in all cases even when air was jetted from the injection because an acoustic wave generated from the shear-layer over the cavity attached to the rear edge of the cavity in all cases. However, even though the shear-layer impacted the aft wall in this experiment, the impacting shear-layer can be prevented if a shock wave impinges over a cavity. This is because that the shock wave impinging on the shear-layer lift [23] .
Large density changes did not appear in each case although the separation shock from the front edge of the cavity oscillated only for CASE 7. The color schlieren images are shown in Fig. 6 . The layout of the color filter used is shown in Fig. 6 (a) . The front edge of the cavity is zoomed in to investigate the oscillation of the separation shock from the front edge in CASE 7. A shock wave occurs downstream of the Mach disk which is defined as the compression shock. The oscillation of the separation shock is attributed to the impingement of this compression shock. The compression shock has a different shock angle compared with the separation shock from the front edge ( Fig. 6 (c) ).
Although the compression shock did not impinge in CASE 8 immediately since the jet was located away from the front edge, it impinged on the separation shock in CASE 7. Figure 7 shows time averaged velocity in the x-direction which is the main flow direction.
PIV
Averaged streamlines are also presented in the same in Fig. 7 . 2), flows inside the cavity were not able to flow out from the cavity (Fig. 7 (b) ). In the jet position of 0.5L (CASE 2, 5 and 8), since the flows over the cavity flowed into the cavity, the height became low (Fig. 8) , compared to the jet positions of 0.1L and 1L. In the case of the jet positions away from the front edge of the cavity, the flows might not flow out from the cavity even if the height was large because the main flow which is high in velocity was rounded to the shear-layer over the cavity. Figure 9 shows the velocity contour of root-mean-square for the x-direction. In CASE 7, the turbulence intensity around the cavity was strongest and its area widest, this implies the enhancement of the mixing characteristic. The turbulence intensity inside the cavity near the fore wall in CASE 5 and 8 was weaker than the other cases because the strong single vortex which occurs near the fore wall. On the other hand, in CASE 2 (0.5L, J = 1.2), the turbulence intensity at the shear-layer was strong compared to CASE 5 (0.5L, J = 2.7) and 8 (0.5L, J = 5.7). The turbulence intensity inside the cavity and the shear-layer in CASE 3, 6 and 9 (1L) resembled that in CASE 0 (No jet). In CASE 1, 4 and 7 (0.1L), the turbulence intensity was strong both over and inside the cavity. Hence, the mixing characteristic around the cavity can be enhanced at the jet position of 0.1L independent on the J value and the mixing characteristic around the cavity does not enhance at the jet position of 1L. 
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